ABSTRACT PRAT (phosphoribosylamidotransferase; E.C. 2.4.2.14) catalyzes the first reaction in de novo purine nucleotide biosynthesis. In Drosophila melanogaster, the Prat and Prat2 genes are both highly conserved with PRAT sequences from prokaryotes and eukaryotes. However, Prat2 organization and expression during development is different from Prat. We used RNA interference (RNAi) to knock down expression of both Prat and Prat2 to investigate their functions. Using the GAL4-UAS system, Prat RNAi driven by Act5c-GAL4 or tubP-GAL4 causes variable pupal lethality (48-100%) and 50% female sterility, depending on the transgenic strains and drivers used. This observation agrees with the phenotype previously observed for Prat EMSinduced mutations. Prat2 RNAi driven by Act5C-GAL4 or tubP-GAL4 also results in variable pupal lethality (61-93%) with the different transgenic strains, showing that Prat2 is essential for fly development. However, Prat2 RNAi-induced arrested pupae have a head eversion defect reminiscent of the ''cryptocephal'' phenotype, whereas Prat RNAi-induced arrested pupae die later as pharate adults. We conclude that Prat2 is required during the prepupal stage while Prat is more important for the pupal stage. In addition, Prat and Prat2 double RNAi results in more severe pupal lethal phenotypes, suggesting that Prat and Prat2 have partially additive functions during Drosophila metamorphosis.
T HERE are two pathways for synthesis of purine nucleotides: the salvage pathway and the de novo pathway. The salvage pathway recycles bases with phosphoribosylpyrophosphate. The de novo pathway includes 10 steps to synthesize inosine monophosphate (IMP), the common precursor of adenosine monophosphate and guanosine monophosphate. Disorders of purine synthesis can have severe effects in humans. For example, a mutation in adenylosuccinate lyase, which catalyzes the eighth step in the de novo synthesis pathway, results in the accumulation of SAICAR (5-amino-4-imidazole-Nsuccinocarboxamide ribotide) and is thought to be associated with mental retardation and autism (Stone et al. 1992; Kohler et al. 1999) . Mutations in the bifunctional enzyme AICAR transformylase/IMP cycolohydrolase (ATIC), which catalyzes the final two steps in making IMP in the de novo synthesis pathway, cause dysmorphic features, severe neurological defects, and congenital blindness (Marie et al. 2004) .
Phosphoribosylamidotransferase (PRAT) catalyzes the first reaction in the de novo purine nucleotide biosynthesis pathway, which is a rate-limiting step (Zalkin and Dixon 1992) . In Drosophila melanogaster, Prat is essential for development, where mutations cause pupal lethality or escaping adults with wing, leg, and eye defects (Clark 1994 ) and sterile females with reduced life span (Malmanche and Clark 2004) . Mutations in other de novo purine pathway genes (ade2, ade3, and ade5) have a similar phenotype to those in Prat, which has been called the purine syndrome phenotype Nash 1990, 1993; O'Donnell et al. 2000) . These observations suggest that endogenous purine synthesis is required for metamorphosis of the adult fly during the prepupal and/or pupal stages, whereas maternal and dietary sources of purines are sufficient for embryonic and larval development, respectively.
The Prat gene encodes a 546-amino-acid polypeptide with a predicted 53-amino-acid propeptide, which is processed to produce a mature enzyme (Clark 1994) . PRAT has two functional domains: a glutaminase domain and a phosphoribosyltransferase domain (Zalkin and Dixon 1992) . A second PRAT gene (Prat2) encodes a 547-amino-acid polypeptide with a predicted 57-aminoacid propeptide . The Prat2 polypeptide has 79% identity and all functional domains are conserved with Prat. However, Prat2 differs in gene organization and expression compared with Prat. In Prat2, two introns interrupt the open reading frame while the Prat open reading frame is uninterrupted by introns. In addition, since the two Prat genes reside on different arms of chromosome 3, Prat appears to be a retrotransposed copy of Prat2. Only Prat is maternally expressed, and zygotic expression of Prat2 begins, along with Prat, during embryogenesis (Tomancak et al. 2002;  1 . Both genes are expressed throughout development, but at different levels at different times. Since gene organization and temporal expression patterns are conserved for the two genes in D. melanogaster and D. virilis , which shared a common ancestor 40 million years ago (Russo et al. 1995) , the diversification of the two genes is likely to be functionally important.
Since no mutation was available for Prat2, we chose to use RNA interference (RNAi) to investigate the role of Prat2 in fly development. Since the transitive RNAi pathway is absent in Drosophila (Roignant et al. 2003) , we were able to silence the expression of each of the duplicated genes specifically using RNAi. We made upstream activating sequence Prat-inverted repeat (UAS-Prat-IR) and UAS-Prat2-IR transgenes expressing inverted-repeat (IR) RNA under the control of the GAL4-UAS binary expression system (Brand and Perrimon 1993) . Our results show that Prat2 is also an essential gene that has a different role in pupal development in comparison to Prat.
MATERIALS AND METHODS
Drosophila stocks and breeding conditions: Flies were cultured on standard cornmeal-molasses-agar media. Unless indicated, the culture temperature was 25°. The w 1118 strain and the three GAL4 strains (y 1 w*; P{Act5C-GAL4}25FO1/CyO, y 1 and y 1 w*; P{Act5C-GAL4}17bFO1/TM6B, Tb 1 and y 1 w*; P{tubP-GAL4}LL7/TM3, Sb 1 ) were obtained from the Bloomington stock center. We also replaced the balancer chromosomes in the y 1 w*; P{Act5C-GAL4}25FO1/CyO, y 1 and y 1 w*; P{tubP-GAL4}LL7/TM3, Sb 1 strains with the GFP-bearing balancers from w*; In (2LR) /CyO, P{ActGFP}JMR1 stocks. Construction of the Prat and Prat2 transgenes: The propeptide sequences of the Prat and Prat2 genes have no nucleotide sequence identity and thus DNA fragments corresponding to these regions plus the 59 untranslated sequence were used to construct Prat-IR and Prat2-IR transgenes housed in the pUAST Drosophila transformation vector (Brand and Perrimon 1993) . For construction of Prat-IR, a 153-bp PCR product was amplified from a Prat cDNA (D. Clark, unpublished results), using the primers 59-TCCTTGCTGGCCGAGATGGATTCCGAT TCC-39 and 59-CAGCAGCAACATGTCAGC-39, and then cloned into the pGEM-T easy vector (Promega, Madison, WI) by TA cloning. At the same time, a 95-bp EcoRI/PstI spacer from the pOT2 plasmid (from the Berkeley Drosophila Genome Project, BDGP) was cloned into the pBluescript SKII vector (Stratagene, La Jolla, CA). Then a 125-bp EcoRI/NotI spacer was cut from the resulting pBluescript SKII plasmid and cloned into pUAST. Next a 180-bp EcoRI fragment and a NotI fragment containing the 153-bp Prat propeptide fragment in the pGEM plasmid were cloned into pUAST 1 125-bp spacer vector in antisense-sense (AS) orientation or sense-antisense (SA) orientation to make the Prat-IR-AS and Prat-IR-SA constructs, respectively.
For construction of Prat2-IR, two fragments were isolated from the Prat2 cDNA GH10034 (obtained from the BDGP). A 311-bp HindIII/PstI fragment (including 166 bp of the Prat2 59-UTR, 50 bp of the propeptide sequence, and 95 bp of the pOT2 vector sequence as a spacer) and a 216-bp EcoRI/ HindIII fragment (including 166 bp of the Prat2 59-UTR and 50 bp of the propeptide sequence) were cloned into pBluescript KSII vector (Stratagene), respectively. Then the 281-bp KpnI/XbaI fragment from the resulting pBluescript KSII 1 216-bp EcoRI/HindIII Prat2 fragment plasmid was cloned into the pVZ1 vector (Henikoff and Eghtedarzadeh 1987) . A 291-bp XbaI and SacI fragment from the pVZ1 1 281-bp KpnI/ XbaI plasmid was then added to the pBluescript KSII 1 311-bp HindIII/PstI plasmid. Finally, the 637-bp KpnI fragment from this construct, which has the inverted-repeat Prat2 fragment in the antisense-sense orientation separated by a spacer, was cloned into pUAST to make the Prat2-IR-AS construct.
P-element-mediated transformation: Prat-IR-AS, Prat-IR-SA, or Prat2-IR-AS plasmids were co-injected with the P helper plasmid P{p25.7wcD2-3}, a variant of P{p25.7wc} (Karess and Rubin 1984) , into the host strain w 1118 to produce transgenic flies using standard P-element-mediated transformation techniques (Spradling 1986 ). We obtained several independent Prat-IR-AS, Prat-IR-SA, and Prat2-IR-AS transgenic fly strains, which are homozygous viable.
Southern blot analysis: To determine the copy numbers of Prat-IR and Prat2-IR in transformants, genomic DNA from the transgenic and w 1118 strains was digested by HincII, run in a 0.7% agarose gel, and blotted to positively charged nylon membrane (Biodyne). The blots were hybridized with a 2.5-kb DraI and SacI fragment of the mini-white gene from the P-element vector, labeled using a random-primer fluorescein-dUTP kit (Perkin-Elmer, Norwalk, CT), and hybridized at 65°for 14 hr. All blots were detected using antifluorescein-alkaline phosphatase antibody (Perkin-Elmer) and dioxetane chemiluminescent substrate (New England Biolabs, Beverly, MA). The chemiluminescent signal was detected with Kodak Ultident X-ray film and the film was scanned with an Epson Expression 626 scanner with a transparent film adapter.
Reverse transcriptase polymerase chain reaction: For all experiments, total RNA was extracted using Trizol (Invitrogen, San Diego) and reverse transcriptase polymerase chain reaction (RT-PCR) was performed using ready-to-go RT-PCR beads (Amersham, Buckinghamshire, UK), where cDNA synthesis was primed with an oligo(dT) primer.
For semiquantitative RT-PCR analysis of the effect of Prat RNAi on endogenous expression of Prat and Prat2, non-CyO 0-to 4-hr-old female adults from the crosses between Act5C-GAL4/CyO and Prat-IR-AS or w 1118 grown at 25°were collected. RNA from 0-to 4-hr-old female w 1118 adults was used to establish amplification standard curves for Prat, Prat2, and RpL32 and to determine the exponential amplification range (Foley et al. 1993) . On the basis of the curves, 23 cycles for Prat, 22 cycles for Prat2, and 16 cycles for RpL32 were chosen (data not shown).
For semiquantitative analysis of the effect of Prat2 RNAi on endogenous expression of Prat and Prat2, non-GFP and GFP wandering third instar larvae from the progeny of UAS-Prat2-IR-AS or w 1118 crossed with Act5C-GAL4/CyO, ActGFP grown at 29°were sorted using an epifluorescent stereomicroscope (Zeiss). These larvae (and the wandering third instar larvae of w 1118 grown at 29°) were then sorted by sex. RNA from male and female w 1118 wandering third instar larvae was used to establish amplification standard curves for Prat, Prat2, and RpL32 and to determine the exponential amplification range. On the basis of the curves, 25 and 15 cycles were chosen to coamplify Prat and RpL32, respectively, and 22 and 16 cycles were chosen to coamplify Prat2 and RpL32, respectively. The primers for the amplification of the three genes and detection methods were described previously except that the chemiluminescent signal was detected using the Bio-Rad (Hercules, CA) ChemiDoc system and measured by Bio-Rad Quantity-One software. All the experiments were performed twice, starting from the RNA extractions. Phenotypic analysis of Prat RNAi and Prat2 RNAi: Prat-IR-AS and Prat2-IR-AS transgenic strains and w 1118 were crossed to Act5C-GAL4/CyO, ActGFP or tubP-GAL4/TM3, Ser, ActGFP and the parents were allowed to lay eggs for 8 hr. After 26 hr, the GFP and non-GFP first instar larvae were counted using an epifluorescent stereomicroscope to determine if embryonic lethality had occurred. In the same way, other samples of eggs were counted and transferred into bottles to grow until the wandering third instar stage, and then GFP and non-GFP larvae were counted to determine if larval lethality had occurred. Finally, pupal lethality was determined on the basis of the ratio between the Cy and non-Cy adults or Ser and non-Ser adults.
For phenotypic analysis of the arrested pupae caused by Prat RNAi, Prat2 RNAi, double RNAi, and EMS-induced Prat and ade2 alleles, 100 GFP and non-GFP wandering third instar larvae were sorted, put into vials, and allowed to develop for 100 hr. The arrested pupae were staged and counted on the basis of morphological markers of development according to Bainbridge and Bownes (1981) . Pupae were photographed using a Zeiss stereomicroscope equipped with a Pixera camera.
RESULTS
The BDGP expressed sequence tag (EST) project (Rubin et al. 2000) revealed two classes of Prat2 transcripts (a short Prat2-RA and a full-length Prat2-RB) (FlyBase 2003). Twenty ESTsequences from a variety of cDNA libraries match with Prat2-RB. Only a single EST (LD14516) from an embryonic cDNA library supports Prat2-RA, which has its first exon within the third intron of Prat2-RB. In addition, using RT-PCR of embryos, we could not detect Prat2-RA whereas we could detect Prat2-RB (Y. Ji, unpublished data). These observations show that Prat2-RB is most likely the major transcript of Prat2 and that the EST of Prat2-RA likely reflects a rare, aberrantly spliced transcript. Thus, in designing a transgene for RNA-interference-mediated knockdown of Prat2, we used sequences derived from the 59-end of the Prat2-RB transcript and not Prat2-RA. An additional consideration is the fact that Prat and Prat2 are highly similar at the nucleotide level, save for the untranslated and propeptide regions. Thus, to ensure that the RNAi would be gene specific, we chose fragments containing 59-UTR and propeptide sequence for both Prat and Prat2 for construction of the RNAi transgenes.
RNAi-mediated Prat loss of function causes pupal lethality and adult female sterility: The general organization of the Prat RNAi transgenes is shown in Figure 1A . Either the sense-antisense or antisense-sense orientation of inverted repeats has been used in different studies to silence a specific gene (Fortier and Belote 2000; Piccin et al. 2001) . Therefore, we decided to test if the orientation of the inverted repeats in the RNAi transgene has an influence on silencing ability. We cloned fragments containing the propeptide sequence of Prat in both the AS and SA orientations. We obtained five Prat-IR-AS and four Prat-IR-SA transgenic strains where the insertions are all homozygous viable. Southern blot analysis showed that the transgenes are all intact (data not shown), that four Prat-IR-AS strains have a single copy of the transgene and one has two copies ( Figure 1B) , and that all Prat-IR-SA strains have a single copy of the transgene (data not shown).
To induce expression of the transgenes, we crossed Prat-IR-AS and Prat-IR-SA transgenic strains with strains carrying the GAL4 drivers (Act5C-GAL4 and tubP-GAL4), which have ubiquitous expression of GAL4 ( Lee and Luo 1999; FlyBase 2003) , and scored the adults (Table 1 ). The results show that flies carrying Prat-IR-AS and expressing GAL4 are reduced in number by 50% to almost 100% relative to their siblings. However, flies carrying Prat-IR-SA and expressing Act5C-GAL4 did not show any lethality (Table 1) . Therefore, this observation suggests that the orientation of the invertedrepeat hairpin in the transgene may have some effect on silencing ability.
We tested the fertility of the surviving adult flies carrying Prat-IR-AS and Act5C-GAL4 and found that 64% (n ¼ 100) of surviving females carrying Prat-IR-AS-5 and Act5C-GAL4 were sterile, 50% (n ¼ 107) of females carrying Prat-IR-AS-1 and Act5C-GAL4 were sterile, while 6% (n ¼ 100) of the wild-type control (Act5C-GAL4/1) were sterile. The sterility caused by Prat RNAi shows that female germline development requires de novo purine synthesis, as was previously observed for EMS-induced Prat loss-of-function alleles (Malmanche and Clark 2004) .
To determine the lethal phase for Prat RNAi, we crossed the Prat-IR-AS-4 strain to the Act5C-GAL4/CyO, Act-GFP strain. Taking advantage of the GFP marker on the CyO balancer chromosome, we could distinguish the progeny carrying the RNAi transgene and GAL4 (non-GFP) from its sibling not carrying GAL4 (GFP) in any stage of fly development. We found that the ratio of GFP and non-GFP progeny in first instar larvae and the wandering third instar larvae was 1:1 (Table 2) . Therefore, there is no embryonic or larval lethality associated with Prat-IR-AS driven by Act5C-GAL4 and so the individuals not surviving to adult are all dying within the prepupal and/or pupal stages.
The percentage of pupal lethality of the progeny carrying Prat-IR-AS and GAL4 depends on the different transgenic strains, sex, drivers, and culture temperature. The progeny from five independent transgenic strains crossed with Act5C-GAL4/CyO had different levels of pupal lethality ranging from 48 to 100% (Table  1) . This variation likely reflects position effects on transgene transcription. For example, one Prat-IR-AS strain (Prat-IR-AS-1), which has two copies of the transgene, did not show a strong RNAi effect as was seen for the other three Prat-IR-AS strains with one copy. The Prat-IR-AS-1 white gene marker has less expression, seen as eye pigment, than the other three Prat-IR-AS P elements, and so it is possible that one or both of the Prat-IR-AS-1 elements has been inserted into a transcriptionally repressive chromatin domain. Transgene copy number can also influence expression. After making a strain carrying both Prat-IR-AS-2 and Prat-IR-AS-5, we found increased pupal lethality compared to flies carrying either single-copy Prat-IR-AS (Table 1 ). In addition, we found that males carrying the Prat-IR-AS transgenes and GAL4 have higher pupal lethality than that of females (Table 1 ). In particular, one strain (Prat-IR-AS-4), with the transgene on the X chromosome, had 96% male lethality but 48% female lethality, suggesting that dosage compensation can influence the transcription of the transgene even under control of GAL4 protein. The use of a different ubiquitous GAL4 driver also has a profound effect on RNAi efficiency. We found that the a Percentage lethality ¼ ½(expected number of Prat-IR-AS/GAL4 progeny ÿ observed number)/expected number 3 100%. Expected numbers were normalized to the progeny of parallel crosses between the GAL4 driver strain and the w 1118 strain.
tubP-GAL4 driver can induce a stronger RNAi effect than the Act5C-GAL4 driver, as reported by others (Giordano et al. 2002; Zhu and Stein 2004) . In addition, we found that the Act5C-GAL4 driver on the second chromosome induces a stronger RNAi effect than the Act5C-GAL4 driver on the third chromosome. We also found that a higher culture temperature (29°) can increase the silencing ability of Prat RNAi (data not shown), as found in other reports (Fortier and Belote 2000; Negeri et al. 2002) , presumably due to the increased GAL4 activity (Duffy 2002) . These observations support the idea that the degree of lethality caused by Prat RNAi is dependent on the level of transgene expression, whether it is influenced by position effects, copy number, dosage compensation, or culture temperature. RNAi-mediated Prat2 loss of function also causes severe pupal lethality: We generated five Prat2-IR-AS transgenic strains that are homozygous viable. Southern blot analysis showed that the transgenes are intact (data not shown) and two of the five strains have multiple copies of the transgene ( Figure 1C) . To examine the Prat2 RNAi-induced phenotype, we crossed Prat2-IR transgenic strains with a Act5C-GAL4 or tubP-GAL4 strain at 25°and 29° (Table 3) . We found that flies carrying four copies (Prat2-IR-AS-1) and expressing tubP-GAL4 showed 57% female lethality and 75% male lethality. However, in contrast to Prat-IR-AS, single copies of Prat2-IR-AS were unable to induce lethality in combination with either GAL4 driver at 25°. At 29°, we found that flies carrying more than one copy of Prat2-IR-AS and Act5C-GAL4 had 82-100% pupal lethality, whereas flies carrying only one copy of Prat2-IR-AS and Act5C-GAL4 had less lethality, up to 60% (Table 3) . However, we also found a high level of lethality in our control due to the nonspecific effects of Act5C-GAL4 at a higher temperature. Therefore, we wanted to determine if we could also increase the effect of Prat2 RNAi by increasing copy number further but culturing the flies at 25°. We constructed two strains carrying five copies (Prat2AS-4; Prat2AS-1 and Prat2AS-5; Prat2AS-1). Flies carrying five copies of Prat2-IR-AS driven by tubP-GAL4 had 90% pupal lethality, whereas those carrying Act5C-GAL4 had 70% pupal lethality (Table 3 ). The reciprocal crosses showed similar results (data not shown). These results for Prat2 RNAi again show that position effects, the copy number of the transgene, and culturing temperature affect RNAi silencing ability.
To further characterize the lethality caused by RNAimediated Prat2 loss of function, we collected eggs laid over 8 hr from crosses of Prat2-IR-AS-4; Prat2-IR-AS-1 with Act5C-GAL4/CyO, ActGFP and counted the ratio of the non-GFP and GFP in the first instar larval stage and the wandering third larval stage. We found no embryonic or larval lethality due to Prat2 RNAi (Table 2 ) and so we concluded that Prat2 RNAi causes pupal lethality.
We examined the fertility of surviving adults carrying five copies of Prat2-IR--AS and tubP-GAL4. We did not observe any female sterility (data not shown), as we expected, since Prat2 is not expressed maternally .
RNAi is specific for the target gene: We used RT-PCR to determine if Prat RNAi specifically knocks down the expression of endogenous Prat mRNA but not Prat2 mRNA. Since 0-to 4-hr adult females have very strong Prat maternal expression , we chose this stage to measure Prat and Prat2 RNA levels in flies carrying Prat-IR-AS and Act5C-GAL4. The adult females carrying Prat-IR-AS-1 and Act5C-GAL4 had 31% of the Prat expression level relative to the control (Act5C-GAL4/1), while the adult female flies carrying Prat-IR-AS-5 transgene and Act5C-GAL4 had only 24% of the Prat expression level in the control (Table 4 and Figure 2A ), consistent with the sterility that we observed for these females. Overall, the reduction in expression that we see is comparable to the results of Kennerdell et al. (2002) . In contrast, Prat2 expression did not show a reduction but an increase (Table 4 and Figure 2A ), demonstrating that Prat RNAi knocked down the expression of endogenous Prat mRNA specifically. Further investigation is needed to determine if the increased expression of Prat2 truly results from upregulation in the background of lower Prat expression.
We also used RT-PCR to determine if Prat2 RNAi specifically knocks down the expression of endogenous Prat2 RNA but not Prat RNA. We chose to measure Prat2 and Prat expression using a culture temperature of 29°d ue to the stronger pupal lethality observed for flies carrying Prat2-IR-AS and Act5C-GAL4 at this temperature (Table 3) . We examined third instar larvae for two independent transgenic lines (Prat2-IR-AS-1 and Embryonic and larval survival of flies carrying Prat-IR-AS or Prat2-IR-AS or both and GAL4 at 25°P arental genotypes First instar larvae non-GFP:GFP Third instar larvae non-GFP:GFP w 1118 ($) 3 Act5C-GAL4 / CyO, GFP (#) 366:361** 143:158** Prat-IR-AS-4 ($) 3 Act5C-GAL4/ CyO, GFP (#) 224:193** 108:109** Prat2-IR-AS-4; Prat2-IR-AS-1 ($) 3 Act5C-GAL4/CyO, GFP 229:241** 162:164** Prat-IR-AS-4; Prat2-IRAS-4; Prat2-IRAS-1 ($) 3 Act5C-GAL4 /CyO, GFP 344:354** 267:251** ** P $ 0.05 based on the chi-square test for goodness of fit to a 1:1 ratio.
Prat2-IR-AS-2). In this stage, Prat2 has a relatively higher expression than Prat (Malmanche et al. 2003). Two
Prat2-IR-AS transgenic lines (Prat2-IR-AS-1 with four copies of the transgene and Prat2-IR-AS-2 with two copies of the transgene) and w 1118 were crossed to Act5C-GAL4/CyO, Act-GFP at 29°. RT-PCR analysis showed that Prat2 RNAi reduced the endogenous Prat2 expression level in the third larval stage by 80%, with variation among the different strains and sex (Table 4 and Figure 2B ). In contrast, Prat expression did not show a reduction but instead a small increase in some cases (Table 4 and Figure 2B ), which is consistent with the situation for Prat2 expression during Prat RNAi.
Pupal lethal phenotypes induced by RNAi are different for Prat and Prat2: For Prat RNAi, we found that most of the lethal arrests occur just prior to eclosion except that a small proportion of flies arrest in the early pupal stage P5 (Table 5 ). The arrested pharate adults have all the external adult body structures except that the body has patches of necrotic tissues and/or missing abdominal tergites ( Figure 3B ). Although the female adults that do survive show sterility, characteristic of the EMS-induced alleles (Malmanche and Clark 2004 ), they do not show the same wing or leg defects. We further characterized the pupal lethal phenotype caused by two EMS-induced Prat alleles (Prat 12A19 and Prat
16A6
) in a Percentage lethality ¼ ½(expected number of Prat2-IR-AS/GAL4 progeny ÿ observed number)/expected number 3 100%. Expected numbers were normalized to the progeny of parallel crosses between the GAL4 driver strain and the w 1118 strain. b Values for lethality that are significantly different between Prat2-IR-AS/Act5C-GAL4 and the control (1/Act5C-GAL4) at 29°(P # 0.01 using a chi-square test). hemizygotes carrying one of these alleles and the Prat deficiency Df(3R)dsx43 (Clark 1994 Figure 4H ) and most of Prat 16A6 /Df flies arrested just prior to eclosion (Table 5) For Prat2 RNAi, in flies carrying Prat2-IR-4; Prat2-IR-1 and tubP-GAL4, we found that 50% of arrested pupae had head eversion defects (Table 5 and Figure 3E ), which is typical of the ''crytocephal'' phenotype seen for crc (crytocephal) (Hewes et al. 2000) and other ecdysone-responsive genes involved in metamorphosis (Fletcher et al. 1995) . As for the common features of the crytocephal phenotype, the arrested pupa still kept its larval mouth parts attached to the imaginal head structure, did not fully elongate its legs, and its abdomen lacked cuticle and segmentation, although it developed eye pigments, wings, and thoracic bristles ( Figure 3E ). The translocation of the gas bubble in the prepupa is responsible for head eversion (Chadfield and Sparrow 1985) and we observed that the gas bubble failed to displace from the posterior to the anterior whenever we saw a failure in head eversion at 14 hr after pupariation. The cryptocephal phenotype was observed in animals carrying the Prat2-IR transgene and either the Act5C-GAL4 or the tubP-GAL4 driver.
We also observed rarely that arrested pupae carrying Prat2-IR-5; Prat2-IR-1 and Act5C-GAL4 had a microcephalic head phenotype ( Figure 3F ) resulting from partial head eversion. This phenotype is also rare for crc and E74 mutations (Fletcher et al. 1995) . The pupae with a microcephalic head phenotype retain their larval mouthparts and do not have a fully differentiated abdomen ( Figure 3F ). Since head eversion is a marker for the transition from the prepupal to pupal stage, we conclude that Prat2 is required during the prepupal stage while Prat is more important for the pupal stage.
Double RNAi for Prat and Prat2 causes more severe phenotypes: To investigate the effect of Prat and Prat2 double RNAi on fly development, we constructed a strain with one copy of Prat-IR-AS on the X chromosome and five copies of Prat2-IR-AS on the second and third chromosomes (Prat-IR-AS-4; Prat2-IR-AS-4; Prat2-IR-AS-1). This strain was crossed with either Act5C-GAL4 or tubP-GAL4 strains. The female progeny carrying Prat-IR-AS and Prat2-IR-AS transgenes and tubP-GAL4 had higher lethality with a significant difference compared to the female lethality caused by Prat or Prat2 RNAi alone using the parental lines (Table 6 ). This result suggests that Prat and Prat2 may have partially a Stages according to Bainbridge and Bownes (1981) .
additive functions. We also found that double Prat and Prat2 RNAi caused no embryonic or larval lethality (Table 2) . We then characterized the pupal lethal phenotypes caused by Prat and Prat2 double RNAi. When the arrested pupae, induced by double Prat and Prat2 RNAi, were observed 96 hr after pupariation at 25°, we found that 27% of flies arrested at a very early prepupal stage equal to the P2 stage of wild-type flies ( Figure 4A and Table 5 ). Some of these arrested prepupae kept the thin and long larval shape, the anterior spiracle had failed to evert, and the gas bubble remained in the middle of the body, failing to move to the posterior ( Figure 4B ). Thirty-four percent of flies arrested at the late prepupal stage P4(i) and featured head eversion defects, the presence of the gas bubble in the posterior, and a shrunken abdomen (Table 5 and Figure 4E ). This class did not have further development in eye color or wing and leg imaginal structures as seen with the cryptocephal phenotype induced by Prat2 RNAi alone. Twentyfour percent of flies had a successfully everted head that had partially collapsed, resulting in a big cavity in the anterior of the pupa (Table 5 and Figure 4F ). This class also did not have further adult differentiation and in some cases the abdomen had shrunken greatly, suggesting that they had arrested at an early pupa stage (P5) ( Figure 4D ), similar to the phenotype for the strong Prat allele Prat 12A19 ( Figure 4H ). Interestingly, this phenotype is also similar to the ''head/abdomen-collapsed'' phenotype seen for the 59 group of crc mutations (Hewes et al. 2000) , although the authors indicated that many of these pupae had the features of further development such as eye pigmentation. In addition, 7% of arrested pupae had the cryptocephal phenotype as caused by Prat2 RNAi and 5% of pupae died as pharate adults (Table 5 ). Since the double Prat/Prat2 RNAi caused more severe phenotypes compared with single Prat or Prat2 RNAi, it appears that Prat and Prat2 have partially additive functions.
To ask whether the lethal phenotype caused by double RNAi for Prat and Prat2 has a similar phenotype as that caused by the mutations of single-copy genes that act downstream in the de novo purine pathway, we characterized the pupal lethal phenotype of ade2 by crossing two EMS-induced ade2 lethal alleles (ade2 3 and ade2 4 ) (Tiong et al. 1989) . We found that 8% of ade2 3 /ade2 4 pupae arrested at the P2 stage with defects in eversion of the anterior spiracle and failure of gas bubble movement (Table 5 and Figure 4C ), which is very similar to the earliest arrested prepupae caused by double RNAi for Prat and Prat2 ( Figure 4B ). Fifty-nine percent of the ade2 3 /ade2 4 pupae arrested at the P5 stage (Table 5 and Figure 4G ). This phenotype is very similar to a subset of the arrested pupae caused by the double RNAi for Prat and Prat2 ( Figure 4F ) and the strong Prat allele Prat 12A19 ( Figure 4H ). Thus, Prat and Prat2 together may be required to supply the overall enzyme activity to fulfill the committed step of the de novo pathway.
DISCUSSION
RNAi gene silencing has been used extensively to address gene function. There are two major differences in the RNAi mechanism between Drosophila and other systems such as plants and C. elegans. The first difference is that RNAi in Drosophila lacks the amplification process, called transitive RNAi (Roignant et al. 2003) , which produces secondary siRNA and leads to further degradation of the mRNA sequence, upstream of the initial sequence in C. elegans and plants, and even downstream in plants (Vaistij et al. 2002) . This difference makes it possible in Drosophila to silence a specific isoform or a paralog of a gene. In this report, we selected the 59-UTR and propeptide regions of Prat and Prat2, which have no sequence similarity, as the target region of RNAi and specifically knocked down each gene independently.
The absence of the siRNA amplification step in Drosophila means that the silencing ability depends on the relative expression levels of the target gene and the transgene (Negeri et al. 2002) . This view is supported by our finding that Prat RNAi resulted in higher levels of pupal lethality for males than for females, corresponding to the higher expression of Prat in females . We also observed that a single copy of the Prat-IR-AS transgene can cause lethality but five copies of the Prat2-IR-AS transgene are required to get a similar level of percentage of lethality. This difference may reflect a more abundant expression of Prat2 than Prat during the stages of fly metamorphosis. Although our results showed that the antisense-sense orientation of the UAS-Prat-IR transgene has greater silencing ability than the sense-antisense orientation, we did not similarly compare the effect of the orientation on Prat2 Lethality of Prat-IR-AS plus Prat2-IR-AS lines expressing GAL4
Parental genotype
Prat-IR-AS 1 Prat2-IR-AS/ GAL4
Prat-IR-AS 1
Prat2-IR-AS/ Balancer
Percentage lethality b Value for lethality of the Prat and Prat2 RNAi transgenic flies that is significantly different from the values found for both of the parental lines (P # 0.01 using a chi-square test).
silencing and we are not aware of any other report on this issue. Thus, further comparison of this effect by knocking down many different genes by RNAi needs to be done to determine if we can make any generalization about this effect.
The second difference between RNAi in Drosophila and in plants and C. elegans is the absence of system silencing so that siRNA cannot spread from one tissue to another (Roignant et al. 2003) . Thus, in Drosophila, for genes whose functions are cell autonomous, RNAi can be used to knock down the gene in a tissue-specific way. However, for genes with non-cell-autonomous functions, it would be difficult to get a tissue-specific null phenotype. In our study, the adult escapers caused by Prat RNAi and Prat2 RNAi did not show the wing and leg defects as seen for even the weakest Prat EMSinduced alleles (Clark 1994 ). The reason is probably that the knockdown of Prat expression in these tissues is not very efficient or that downstream pathway components can be obtained from other tissues where the knockdown is not very efficient. This inefficiency could be due to many factors, including the level of Prat or Prat2 expression, the activity of the promoter driving GAL4, or the efficiency of GAL4 in particular tissues. The fact that the knockdown is sufficient to produce pupal lethality and female sterility, roughly comparable to that seen for the EMS-induced alleles (Clark 1994; Malmanche and Clark 2004) , favors the idea that the knockdown does not occur with the same efficiency in all tissues.
The Prat/Prat2 duplication appears to have resulted from a retrotransposition event that occurred prior to the divergence of D. melanogaster and D. virilis. As we previously reported , Prat and Prat2 have different expression patterns and one of the major differences between them is that only Prat has maternal expression, as do the other genes in the de novo purine synthesis pathway (Tomancak et al. 2002) . This difference between the two genes is reinforced by our previous observation that Prat is essential for female germline development, as revealed by analysis of EMSinduced mutations of Prat (Malmanche and Clark 2004) and by the Prat RNAi results in this report. Thus, it appears that Prat (the retrogene) has obtained a cisregulatory element for its maternal expression during or after the retrotransposition event and that Prat2 (the founder gene) has lost its maternal expression. At the same time, the founder gene Prat2 has been maintained during evolution since it is required for the prepupal stage while Prat has become important in the pupal stage.
Metamorphosis consists of the prepupal and pupal stages where, at the end of the wandering third larval stage, a pulse of ecdysone triggers puparium formation and the prepupal stage begins. During this stage, the larval midgut and anterior muscles undergo histolysis and the imaginal discs begin to evert. However, the abdominal larval muscles persist and are responsible for the contraction that causes the gas bubble translocation (Fristrom and Fristrom 1993) . The gas bubble first appears in the center of the prepupa and then moves posteriorly before reaching its final anterior destination. The prepupal stage lasts for 12 hr and another ecdysone pulse triggers the prepupal-pupal transition. The consequences of this transition are that the salivary glands undergo histolysis and the imaginal head everts from the inside sac of the thorax driven by contraction of the abdominal muscles. The head will occupy the anterior space after the gas bubble is expelled through the anterior spiracles. This stage in development is affected in several Drosophila mutants. The cryptocephal phenotype was first described for mutations of the crc gene (Hadorn and Gloor 1943) , where one sees a head eversion defect, which includes failed gas bubble translocation, incomplete leg disc elongation, and incomplete or no segmentation and differentiation of the abdomen. The crc gene encodes a CRE-binding-proteinlike transcription factor (Hewes et al. 2000) . Mutations in the ecdysone-response genes such as E74 (Fletcher et al. 1995) , DHR3 (Lam et al. 1999) , krupple-homolog (Pecasse et al. 2000) , and crol (D'Avino and Thummel 1998) also have a cryptocephal phenotype. This phenotype is also caused by mutations of the Mmp1 gene encoding matrix metalloproteinase (Page-McCaw et al. 2003) . Prat2 RNAi also caused a cryptocephal phenotype. However, Prat2 differs from most of these genes in that they are also required for embryonic and/or larval development. Prat2 is essential only during metamorphosis as found for krupple-homolog (Pecasse et al. 2000) . Fletcher et al. (1995) proposed that the premature histolysis of the abdominal muscle group is the reason for the head eversion defects. It would be interesting to investigate if Prat2 RNAi caused premature death of the abdominal muscle or if perhaps simply a reduced ATP level interfered with abdominal muscle contraction.
Our results showed that both Prat and Prat2 are essential for metamorphosis, even though they both encode proteins that are 79% identical. One possible explanation for their lack of redundancy is that PRAT forms hetero-dimers and tetramers with the two different subunits from Prat and Prat2. Studies in other systems have shown that active PRAT is a dimer, while inactivated PRAT, bound with AMP, for example, forms a tetramer (Yamaokaet al. 2001 ). Since Prat is exclusively expressed in the female germline and Prat2 has an important role in prepupal development, we do not think that it is necessary for PRAT enzyme to function in the fly by forming a hetero-oligomer. Since double RNAi causes more severe prepupal and pupal lethal phenotypes than single Prat and Prat2 RNAi, and since this phenotype is similar to the mutant phenotype of the single-copy gene in the pathway, ade2, it appears that Prat and Prat2 together provide the purine nucleotides essential for metamorphosis.
